Somatic cell hybridization is widely used to study the control of gene regulation and the stability of differentiated states. In contrast, the application of this method to germ cells has been limited in part because of an inability to culture germ cells. In this study, we produced germ cell hybrids using germ-line stem (GS) cells and multipotent germ-line stem (mGS) cells. While GS cells are enriched for spermatogonial stem cell (SSC) activity, mGS cells are similar to embryonic stem (ES) cells and originally derived from GS cells. Hybrids were successfully obtained between GS cells and ES cells, between GS cells and mGS cells, and between mGS cells and thymocytes. All exhibited ES cell markers and a behavior similar to ES cells, formed teratomas, and differentiated into somatic cell tissues. However, none of the hybrid cells were able to reconstitute spermatogenesis after microinjection into seminiferous tubules. Analyses of the DNA methylation patterns of imprinted genes also showed that mGS cells do not possess a DNA demethylation ability, which was found in embryonic germ cells derived from primordial germ cells. However, mGS cells reactivated the X chromosome and induced Pou5f1 expression in female thymocytes in a manner similar to ES cells. These data show that mGS cells possess ESlike reprogramming potential, which predominates over-SSC activity.
INTRODUCTION
Spermatogonial stem cells (SSCs) provide the foundation for spermatogenesis. Although SSCs are present in the testis in only small numbers, these cells can either undergo a selfrenewal division or produce differentiating cells that will go through meiosis and eventually produce haploid gametes. [1, 2] . Addition of glial cell line-derived neurotrophic factor (GDNF), the self-renewal factor for SSCs, to testis cells in vitro induced proliferation of SSCs [3, 4] . Cultured SSCs, designated germ-line stem (GS) cells, proliferate as morulalike clusters of spermatogonia in vitro, colonize seminiferous tubules of infertile mouse testes, and reinitiate spermatogenesis to produce normal offspring [4] . Development of a SSC culture technique has made it possible to collect numerous cells for cellular and molecular biological analyses to study their biology.
GS cells exhibit both a stable karyotype and DNA methylation patterns in imprinted genes for at least 2 yr in vitro and retain fertility [5] . However, although GS cells were initially thought to be unipotent and produce sperm, they were subsequently found to convert into embryonic stem (ES)-like cells [6, 7] . These cells, designated multipotent germ-line stem (mGS) cells, have several characteristics different from GS cells. For example, despite their testicular origin, mGS cells do not produce sperm in the seminiferous tubule, instead forming teratomas. Sperm were produced only when mGS cells were injected into blastocysts to form germ-line chimeras [6] . Moreover, mGS cells become aneuploid after long-term culture [8] , and their DNA methylation pattern is unstable, often exhibiting demethylation in the H19 differentially methylated region (DMR) [6] . Finally, while GS cells depend critically on GDNF for continuous proliferation, mGS cells no longer do so, instead depending on leukemia inhibitory factor (LIF) to maintain the undifferentiated state. These characteristics of mGS cells are similar to ES and embryonic germ (EG) cells, which are derived from the inner cell mass and primordial germ cells (PGCs), respectively [9, 10] . All of these pluripotent cell lines are very similar, except in their DNA methylation patterns [11] . Although these results suggest that SSCs in the postnatal testes not only produce sperm but also exhibit pluripotency, how their biological potential is regulated remains unknown.
Cell hybridization has long been used to study the biological characteristics of cell. Several methods, using Sendai virus or electric pulse or polyethylene glycols (PEGs), are used to produce cell hybrids. These have been applied not only to establish basic concepts in cytogenetics but also to study the mechanisms of differentiation or tumorigenesis. For example, classic studies using embryonal carcinoma (EC) cells showed that hybrids between EC cells and thymocytes resemble the EC parent in terms of their phenotypic and differentiating potential [12, 13] . However, this situation is reversed in most hybrids of EC cells and cultured heteroploid or malignant cells, which resemble the nonteratocarcinoma parents in most cases [14, 15] . Development of GS and mGS cell cultures has allowed the application of hybridization techniques to germ cells. In the present study, we used this technique to examine the difference between GS and mGS cells. Hybrid cells were produced between these germ cell-derived cell lines or with somatic cells. Their developmental potentials, as well as genetic and epigenetic properties, were analyzed.
MATERIALS AND METHODS

Animals and Cell Culture
GS cells were derived from the transgenic mouse line C57BL/6 Tg14 (act-EGFP)OsbY01 (designated green; a gift from Dr. M. Okabe, Osaka University, Osaka, Japan) or B6-TgR (ROSA26)26Sor (ROSA26; Jackson Laboratory, Bar Harbor, ME), respectively [16] . These mice were backcrossed to the DBA/2 background for more than seven generations. Culture medium was based on StemPro-34 SFM (Invitrogen, Carlsbad, CA) as previously described [4] . We also used wild-type and green mGS cells in a DBA/2 background [6] . Growth factors used were 10 ng/ml human fibroblast growth factor 2 (FGF2) and 15 ng/ ml recombinant rat GDNF (both from Peprotech, London, UK). Green ES cells (EGR-G01) were a gift from Dr. M. Ikawa (Osaka University, Osaka, Japan). This line was established from 129S2 3 C57BL/6-Tg (CAG/Acr-EGFP)C3-N01-FJ002Osb transgenic mice. Both ES and mGS cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 15% fetal bovine serum (FBS) and 1000 U/ml LIF (ESGRO; Invitrogen).
Thymocytes were collected by squirting through an 18-gauge needle from 6-to 7-wk-old female ROSA26 mice [16] . To visualize Pou5f1 expression, female F1 hybrids between ROSA26 3 GOF18 transgenic mice were used [17] . Expression of enhanced green fluorescent protein (EGFP) in GOF18 transgenic mice recapitulates the endogenous Pou5f1 expression [17] . Thymocytes were freshly prepared before cell fusion. All cell types were cultured on mitomycin C-treated mouse embryonic fibroblasts (MEFs).
Cell Fusion
To produce GS cell hybrids, 1.0 3 10 6 cells were mixed at a ratio of 1:1 and then washed in DMEM. After centrifugation, residual medium was removed carefully and 50% (w/v) PEG (PEG1500; Roche Diagnostics, Basel, Switzerland) solution was added to the pellet dropwise. The cells were then incubated for 15 sec, followed by tapping for another 15 sec. The hybridization reaction was stopped by adding 5 ml of DMEM. Cells were then centrifuged for 5 min, washed gently with DMEM, and seeded on MEFs in ES or GS cell culture medium (3.3 3 10 5 cells/9.6 cm 2 ). To produce thymocyte hybrids, we also used electrofusion, as described previously [18, 19] . In brief, 6.0 3 10 6 thymocytes were mixed with 1.2 3 10 6 GS or mGS cells and washed three times in phosphate-buffered saline (PBS), followed by suspension in 0.3 M mannitol buffer at a concentration of 1.2 3 10 7 cells/ml; 4.8 3 10 5 cells were used for hybridization. Hybrid cells were produced by electrofusion (E ¼ 2.5-3.0 kV/cm) using an Electro Cell Manipulator 200/microslide with a 1-mm electrode gap (BTX, Holliston, MA). The cells were seeded on MEFs in ES or GS cell culture medium (1.44 3 10 6 cells/9.6 cm 2 ). For selection of hybrid cells, 300-400 lg/ml G418 were added to cultures. G418 selection was based on the expression of the neomycin-resistant gene (neo), which was expressed ubiquitously under ROSA26 promoter. G418-resistant hybrid cell clones were picked by micromanipulation and subsequently expanded for analyses in standard ES cell culture medium.
V-J DNA Rearrangement of the Tcrg Locus
Genomic DNA was amplified by polymerase chain reaction (PCR) to detect Vc7-Jc1 rearrangement using specific primers listed in Supplemental Table S1 (all supplemental data are available online at www.biolreprod.org).
Chromosome Analysis
Chromosome preparations were produced by treating cells with 0.3 lg/ml colcemid (Invitrogen), followed by incubation in 0.075 M KCl for 8-15 min at room temperature and then fixed in methanol:acetic acid (3:1) solution. Slides were stained with quinacrine mustard and Hoechst 33258 to enumerate chromosomes. At least 20 metaphase cells were karyotyped for each cell type. For analyses of X chromosome activation, we incubated the cells with 150 lg/ ml 5-bromo-2-deoxyuridine (BrdU) for 7-8.5 h before colcemid treatment to label the newly synthesized DNA strands, as previously described [19] . The incorporation of BrdU leads to a defect in the condensation of the chromosome and an alteration in structure in the region that has incorporated BrdU. Slides were stained with acridine orange to detect early replication patterns (R-bands) [19] . With acridine orange, the chromosomes normally emit a brilliant green fluorescence, whereas regions that incorporated BrdU emit dark red fluorescence because of the alteration in chromosomal structure. Images were obtained using a fluorescent microscope with a standard B filter.
Cell Staining
Cells were fixed with 4% paraformaldehyde for 10 min and washed twice with PBS. Alkaline phosphatase staining was carried out using a VECTOR Alkaline Phosphatase Staining Substrate kit (Vector Laboratories, Burlingame, CA) following the manufacturer's protocol.
Western Blot Analysis
We used SDS-PAGE to separate cell lysates, which were then transferred to Hybond-P membranes (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) by a standard procedure. Primary antibodies used were mouse monoclonal anti-histone H3, rabbit polyclonal anti-acetyl-histone H3 (AceH3), rabbit polyclonal anti-acetyl-histone H4 (AceH4), rabbit polyclonal antimonomethyl-histone H3-Lys 4 (H3K4me1), rabbit polyclonal anti-dimethylhistone H3-Lys 9 (H3K9me2), and rabbit polyclonal anti-trimethyl-histone H3-Lys 9 (H3K9me3; all from Upstate Biotechnology, Lake Placid, NY). Immunoreactive bands were visualized with the ECL Plus Western blotting detection system (Amersham Biosciences).
RT-PCR
Total RNA was recovered from the cultured cells using TRIzol reagent following the manufacturer's protocol (Invitrogen). First-strand cDNA was produced by ReverTra Ace-a-(Toyobo Co., Ltd, Osaka, Japan). PCR conditions were 958C for 10 min, 30 cycles at 958C for 10 sec, 55 or 608C for 30 sec, and 728C for 30 sec, followed by 728C for 5 min. Primers used in PCR are listed in Supplemental Table S1 .
Combined Bisulfite Restriction Analysis
Genomic DNA (1 lg) was treated with a sodium bisulfite solution and incubated at 508C for 4 h to convert nonmethylated cytosine to uracil. Bisulfite was removed by isopropanol precipitation, and bisulfite-treated DNA was desulfonated using 0.2 M NaOH and used as a template for PCR. Primers used in PCR are listed in Supplemental Table S1 . PCR products were subsequently digested with the indicated restriction enzymes, which had recognition sequences containing CpG in the original unconverted DNA. The intensity of the digested bands was assessed by ImageJ 1.44o (National Institutes of Health, Bethesda, MD).
Flow Cytometry
Dissociated cultured cells were suspended in PBS containing 1% FBS. Primary antibodies used were rat monoclonal anti-mouse EPCAM (G8.8; BioLegend, San Diego, CA), mouse monoclonal anti-mouse FUT4 (MC-480; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), rat monoclonal anti-human ITGA6 (CD49f) (GoH3), biotinylated hamster monoclonal anti-rat ITGB1 (CD29) (Ha2/5), biotinylated rat monoclonal antimouse CD9 antigen (KMC8), and allophycocyanin (APC)-conjugated rat monoclonal anti-mouse KIT (CD117) (2B8) (all from BD Biosciences, Franklin Lakes, NJ). APC-conjugated goat polyclonal anti-rat IgG and APCconjugated streptavidin (BD Biosciences) were used to detect the primary antibodies. Stained cells were analyzed using a FACSCailbur (BD Biosciences).
Transplantation
For subcutaneous injections, approximately 4 3 10 6 cells were injected into four KSN nude mice at 4 wk of age (Japan SLC). For microinjections into testis, approximately 4 3 10 6 cells were injected into the seminiferous tubules of a KSN nude (Japan SLC) that had been treated with busulfan (44 mg/kg) at 4 wk of age [20] . Busulfan-treated mice were transplanted with bone marrow cells from untreated nude donor mouse to prevent bone marrow failure within TAKEHASHI ET AL.
3-5 days after busulfan treatment. Microinjection was performed through the efferent duct [20] . The Institutional Animal Care and Use Committee of Kyoto University approved all animal experimentation protocols.
Histological Analyses
Tumor samples were fixed in 10% neutral-buffered formalin and processed for paraffin sectioning. All sections were stained with hematoxylin and eosin. Images of the sections were collected under an inverted microscope equipped with a CCD camera (DP70; Olympus, Tokyo, Japan).
RESULTS
Production of Hybrid Clones Using GS and mGS Cells
In our preliminary analyses, we screened for cell types that formed GS cell hybrids. Green GS cells were mixed in vitro with several somatic cell types (i.e., thymocytes, bone marrow cells, and neurospheres) from adult female ROSA26 mice. ROSA26 mice ubiquitously expressed a fusion protein composed of the neo gene in-frame at the 3 0 end of the bgalactosidase gene. In addition, we hybridized ROSA26 GS with green ES cells, which expressed EGFP under the control of the CAG promoter. Therefore, successful fusion of GS cells would produce G418-resistant cell hybrids with green fluorescence (Fig. 1A) . Mixed cells were incubated with PEG for cell fusion. Approximately 1-4 days after the fusion, G418 was added to select for neo-expressing clones. After 3 wk, no colonies developed when GS cells were fused with somatic cells. However, 22 G418-resistant clones were obtained in cultures of ES 3 GS cell hybrids after 4 wk. While GS cells exhibit a typical morula-like morphology and proliferate in the presence of FGF2 and GDNF (Fig. 1B) , these colonies had lost the typical morula-like morphology and closely resembled ES cells, showing tight aggregated colonies with unclear borders between cells (Fig. 1B) .
Although we failed to produce GS cell hybrids with somatic cells, successful production of hybrids with ES cells suggested that pluripotent cells could be used as a fusion partner for GS cells. We next hybridized ROSA GS cells with green mGS cells by PEG. We also hybridized GS or mGS cells with ROSA26 thymocytes by electrofusion, a technique previously used to produce hybrids with EG cells [18] . As expected, G418-resistant clones were obtained in experiments using mGS cells regardless of fusion method, and we were able to obtain six and two clones for mGS 3 GS cells and mGS 3 thymocytes after 4 wk, respectively. However, no colonies were obtained when we hybridized GS cells with thymocytes by electrofusion. Although GS cells require GDNF for continuous proliferation [4] , ES 3 GS or mGS 3 GS cell hybrids were capable of growth in the absence of GDNF. In addition, all of these hybrid cells were morphologically indistinguishable from the original ES cells (Fig. 1B) . Established cells could be passaged at dilutions of 1:3 to 1:6 every second day in ES cell culture medium supplemented with LIF. Two clones from each hybrid cell were selected for further characterization.
Successful hybridization was confirmed by karyotype analyses. Cytogenetic analysis by Q-banding showed a full tetraploid complement of chromosomes in these hybrid cells (Fig. 1C) , although the number of chromosomes varied. The average numbers of chromosomes were 90.8, 46.4, 78.4, 79.1, 81.9, and 80.0 for ES 3 GS clone #4, ES 3 GS clone #10, mGS 3 GS clone #2, mGS 3 GS clone #4, mGS 3 thymocyte clone #1, and mGS 3 thymocyte clone #2, respectively (n ¼ 20). For thymocyte fusion experiments, we amplified by PCR the T cell receptor (TCR) gene to confirm that the hybridized cells were derived from fusion with terminally differentiated T cells. Genomic DNA was isolated from the hybrid clones, and the V-J region of Tcrg was amplified by PCR (Fig. 1D) . Rearranged DNA was found only in the two mGS 3 thymocyte clones but not in mGS cells or MEFs, indicating successful fusion with differentiated thymocytes.
Phenotypic Characterization of the Hybrid Clones
To examine the surface phenotype, we carried out flow cytometry. Consistent with their appearance, all hybrid cells exhibited an ES-like surface profile, regardless of fusion partner (Supplemental Fig. S1 ). In particular, although GS cells do not express FUT4 (SSEA-1), this antigen was strongly expressed in ES 3 GS or mGS 3 GS cell hybrids ( Fig. 2A) , suggesting that GS cells had lost the spermatogonia phenotype. 
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Also, all hybrid cells strongly expressed alkaline phosphatase in a manner comparable to the original ES or mGS cells. In contrast, GS cells showed only weak staining (Fig. 2B) .
RT-PCR analyses also indicated the ES-like character of hybrid cells (Fig. 2C) . All clones expressed Nanog and Eras, both of which are ES cell markers. Importantly, GS cells lost the expression of spermatogonia markers, such as Stra8, Ddx4, and Zbtb16, after fusion with ES or mGS cells. Likewise, thymocytes lost the expression of Rag1 and Rag2, which are essential for immunoglobulin gene rearrangement, after fusion with mGS cells. We then analyzed the expression of DNA methyltransferase (Dnmt) genes in hybrid cells because GS cells have a DNA methylation pattern distinct from that of ES and mGS cells (Fig. 2D) [6] . Consistent with our previous study [21] , GS cells expressed Dnmt3l only weakly. In addition, while ES and mGS cells express Dnmt3b1 and Dnmt3b6, GS cells express Dnmt3b2 and Dnmt3b3. Fusion with ES or mGS cells induced significant changes in Dnmt gene expression pattern, and all hybrid cells not only strongly upregulated Dnmt3l expression but also lost expression of Dnmt3b2 and Dnmt3b3. Changes in Dnmt gene expression were also found for thymocytes. Although thymocytes originally lacked Dnmt3b gene expression, mGS 3 thymoctes expressed these genes in a manner similar to mGS cells. These results suggest that the GS cell genome responded in the same manner as a somatic cell nucleus.
We analyzed the histone modification status of the three types of hybrids by Western blotting (Fig. 2E) . Both ES and mGS cells exhibited high levels of AceH4 as compared with H3K9me3. In contrast, AceH4 and H3K9me3 levels were relatively low and comparable in both GS cells and thymocytes. After fusion with mGS or ES cells, the levels of AceH3, AceH4, and H3K9me3 in all clones increased to that of the original ES and mGS cells. Cell fusion did not influence the levels of H3K4me1 and H3K9me2, which were expressed at comparable levels by all cell types. These results indicate that hybridization of pluripotent ES or mGS cells removed the identity of their fusion partner and induced an ES-like phenotype, which was accompanied by epigenetic changes in histone modification patterns. 
TAKEHASHI ET AL.
Epigenetic Changes in DMRs of Imprinted Genes after Cell Fusion
Because fusion with EG cells induces changes in DNA methylation in DMRs of imprinted genes [18, 19] , we examined the DNA methylation status of the hybrid clones by combined bisulfite restriction analysis (COBRA; Fig. 3A) . GS cells exhibit androgenetic methylation imprinting patterns in DMRs of imprinted genes, including H19, Igf2r, Meg3, and Peg10. Although mGS cells exhibit variable DNA methylation patterns, they often show partially demethylated H19. ES cells and thymocytes exhibit somatic cell-type imprinting patterns, with increased levels of H19 and Meg3 IG DMR demethylation and Igf2r and Peg10 methylation.
The H19 DMR methylation levels in mGS 3 GS and ES 3 GS cells were significantly lower than that found in GS cells. Compared with mGS cells and thymocytes, hybridization slightly increased H19 DMR methylation levels in mGS3thy-mocytes. Meg3 IG DMR also showed a similar pattern in mGS 3 GS and ES 3 GS cells; their methylation levels were lower than that found in GS cells. In contrast, DNA methylation in the Igf2r DMR exhibited a different pattern. While it was elevated in ES 3 GS cells, mGS 3 GS cells showed relatively low levels of DNA methylation, which may reflect the original low Igf2r methylation levels in GS and mGS cells. Peg10 DMR, which generally exhibits low levels of methylation in GS cells [6] , also showed increased methylation in ES 3 GS, but not in mGS 3 GS cells. These results suggest that the DMR methylation maintenance mechanisms in GS cells in both paternally and maternally imprinted genes no longer operated in GS cell hybrids.
Pou5f1 Reactivation by Cell Fusion with mGS Cells
Because Pou5f1 is a unique marker of germ-line and pluripotent cells [17] , we next analyzed the influence of cell fusion on the regulation of Pou5f1 gene enhancers. Pou5f1 expression is regulated by a distal and a proximal enhancer (Fig. 3B) [22] . These enhancers differentially contribute to the expression of Pou5f1 in various tissue and cell types. While the distal enhancer regulates expression in preimplantation embryos, PGCs, and ES cells, the proximal enhancer is stage specific Open arrowheads indicate the sizes of the methylated DNA fragments, and closed arrowheads denote the sizes of the unmethylated DNA fragments. PCR products were digested with the enzymes indicated. Percent methylation is shown below the gels. U, uncleaved; C, cleaved. Two samples were collected, 2 wk apart. Thy, thymocytes.
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and is active in the epiblast of mouse embryos. Compared with ES cells, Pou5f1 is only weakly expressed in GS cells, possibly because of the relatively high methylation levels of distal enhancers. Consistent with the lack of Pou5f1 expression in thymocytes, COBRA showed that both distal and proximal enhancers are heavily methylated in these cells. Fusion of mGS cells with GS cells or thymocytes resulted in demethylation of distal or both distal and proximal enhancers, respectively. The methylation patterns of ES 3 GS and mGS 3 GS cells were similar.
To confirm that Pou5f1 expression in mGS 3 thymocyte hybrids was derived from a reprogrammed thymocyte genome, we collected thymocytes from a GOF-18/EGFP transgenic mouse, whose EGFP expression recapitulates the endogenous Pou5f1 expression pattern in embryos (Fig. 4A) [17] . After fusion with mGS cells, EGFP expression was detected the next day. EGFP expression was stably maintained after in vitro expansion of the colonies (Fig. 4B) . No EGFP-expressing colonies were observed in cultures of unfused thymocytes. These results suggested that mGS cells transactivated Pou5f1 expression by the fusion partner.
X Chromosome Reactivation in mGS 3 Thymocyte Hybrids
To investigate X chromosome activity in mGS 3 thymocyte hybrids, we used a replication banding technique and examined whether X chromosome were asynchronously replicated. The inactive X chromosome in female cells initiates DNA replication later than autosomes or the active X chromosome [19, 23] . In pluripotent cells, X chromosomes are active, but they undergo X inactivation under conditions conductive to differentiation [24] [25] [26] . However, fusion with pluripotent cells reactivates the entire inactive X chromosome of somatic cells [27] .
In three separate experiments with two different clones, 35 metaphase spreads were analyzed. We found that every cell possessed three X chromosomes with similar red and green fluorescent bands, indicating that replication timing of three X chromosomes in a hybrid cell is regulated in the same manner (Fig. 5, A and B) . This was in contrast to X chromosome in somatic cells, which showed uniform red staining due to delayed replication (Fig. 5C) . Moreover, the fact that the Y chromosome was uniformly stained red in mGS 3 thymocyte hybrids suggested that BrdU incorporation started during late S phase in these metaphases. These results suggest that thymocyte-derived inactive X chromosome that was replicated during late S became reactivated with cellular factors working in the mGS cell.
Consistent with these observations, RT-PCR analyses indicated a lower Xist mRNA expression level in mGS 3 thymocyte hybrids, comparable to that of mGS cells (Fig. 5D) . Downregulation of Xist was accompanied by upregulation of Figf, an X-linked gene, suggesting that Xist suppression initiated the expression of X-linked genes. These data suggest that mGS cells can reactivate the X chromosome after hybridization with somatic cells.
Generation of Teratomas from Hybrid Clones
The similarities between hybrid and pluripotent cells prompted us to determine whether the hybrids shared the ability of ES and mGS cells to differentiate into more mature cell types. Cells were injected subcutaneously into nude mice or into the seminiferous tubules of infertile mice. Within 4-5 wk, all six clones of three different kinds were able to produce growing tumors regardless of transplantation site (Fig. 6A ). Tumors were found in all four recipients. Hematoxylin and eosin staining of the tumors showed that the all clones produced teratomas, which were capable of differentiating into a wide variety of cell types, including representatives of all three of the classical germ layers (Fig. 6B) .
DISCUSSION
In this study, we used cell hybridization to study the biological differences between GS and mGS cells. Both are derived from germ cells in testis but exhibit different features. While GS cells have a spermatogonia phenotype, mGS cells are similar to ES or EG cells in their marker expression and developmental potential. Although the origin of mGS cells was unknown, we later found that they are directly derived from GS cells [7] . In the current study, we attempted to produce hybrids using these germ cell-derived cell lines and showed that GS cell hybrids can be made only with pluripotent cells. In contrast, hybrid cells were readily produced using mGS cells in a manner similar to ES cells. The appearance and growth characteristics of mGS 3 GS cell hybrids resembled mGS rather than GS cells. Likewise, the phenotype of the mGS 3 thymocyte hybrids was similar to the original mGS cells, and Appearance of cultured cells. EGFP signal (arrow) was detected 24 h after fusion. Colonies were selected with 400 lg/ml G418 for 6 days, and EGFP-expressing colonies were picked by micromanipulation for expansion. EGFP was strongly expressed in mGS 3 thymocyte hybrids after 3 wk. Bars ¼ 50 lm.
TAKEHASHI ET AL. both types of hybrid exhibited ES cell markers. These cells proliferated without GDNF and produced teratomas. In several experiments, when tumor-forming cells were fused with normal cells, the resulting tetraploid cells were discovered to have lost the ability to form tumors [28, 29] . However, the mGS 3 GS cell hybrids and mGS 3 thymocyte hybrids in this study preserved the features of mGS cells, suggesting that mGS cells have a dominant phenotype over GS or somatic cells. Although such suppression of specific phenotypes in somatic cell hybrids has been reported, our study shows that a similar process occurs with germ cells as the fusion partner.
Besides marker gene expression and teratoma-forming activity, the hybrid cells showed several features common to ES cells. For example, ES 3 GS and mGS 3 GS cell hybrids exhibited an unstable karyotype. A stable karyotype is one of the unique characteristics of GS cells. More than 80% of the analyzed cells maintain 40 chromosomes during 2 yr of consecutive culture [5] . In contrast, mGS cells are associated with karyotype instability. ES cells exhibit an abnormal karyotype after long-term culture, and trisomy 8 or 11 is frequently observed [30, 31] . We found a similar trisomy in mGS cells after gene-targeting experiments [8] , suggesting that the regulatory mechanism of karyotype stability in ES and mGS cells is similar. In this study, the number of chromosomes in ES 3 GS or mGS 3 GS cell hybrids varied among the clones, suggesting that GS cells no longer possess strict control over karyotype stability in the tetraploid state. Hybrid cells lose a few chromosomes in the first few generations; however, the chromosome makeup of the hybrids becomes stable after this initial loss [32] . The characteristics of the GS cell hybrids indicated that GS cells are not unique in terms of their chromosome stability after hybridization.
Epigenetic changes were also found after fusion. Although both GS and mGS cells are derived from postnatal testis germ cells, their imprinting genes' methylation patterns are distinct. While GS cells show typical androgenetic methylation imprinting patterns with high levels of methylation in H19 DMRs, mGS cells show only partial methylation of H19 DMRs. In this study, COBRA showed variable levels of demethylation in the H19 and Meg3 IG DMRs and increased methylation in Igf2r in ES 3 GS and mGS 3 GS cell hybrids. Although we cannot totally exclude the effect of DNA methylation in imprinted genes on hybrid cell proliferation, DNA methylation per se has no influence on the growth and characteristics of ES cells in the absence of Dnmt genes [33] . No significant changes in proliferation patterns were observed when GS cells with abnormal H19 DMR methylation were cultured [34] . Therefore, these data suggest that androgenetic methylation imprinting patterns of GS cells are lost after fusion.
Comparison between our COBRA results with previous studies on EG cells suggests that mGS cells do not have active demethylation activity found in EG cells [19] . Unlike mGS cells, EG cells derived from 12.5 days postcoitus PGCs did not exhibit Igf2r DMR methylation and were able to demethylate the DMRs of both paternally and maternally expressed imprinted genes when fused with thymocytes [18, 19] . The demethylation activity of EG cells is thought to mimic the original PGCs since demethylation of imprinted genes occurs soon after 11.5 days postcoitus when PGCs migrate to the gonads of embryos in vivo [35] . Analysis of ES 3 EG cells showed that EG cells could also demethylate ES cell genome and erased the methylation of Igf2r DMR completely [19] . It is currently considered that demethylating activity in EG cells is GERM CELL HYBRIDS dominant to the methylation imprint maintenance activity in ES cells and that EG cells carry an additional factor involved in more extensive epigenetic reprogramming than ES cells. Although it was not directly examined whether ES 3 EG cells had a lower maintenance methylation activity in that study [19] , the lack of Igf2r methylation in ES 3 EG cells was in contrast to our observation that both mGS 3 thymocyte and mGS 3 GS cells still exhibited methylation of Igf2r DMR. Perhaps this lack of apparent demethylation activity in mGS cells reflects the fact that they were derived from postnatal testes when male germ cells have completed androgenetic methylation imprinting patterns [35] . Thus, our results support the idea that the origin of pluripotent cells influences their epigenetic properties.
Western blot analyses showed dynamic changes in histone modification patterns after fusion. Both GS cells and thymocytes exhibited reduced AceH4 and H3K9me3 levels, each of which increased after fusion with ES or mGS cells. We also observed the same Dnmt expression pattern in ES, mGS cells, and hybrid cells. Despite similarities in histone modification and Dnmt expression pattern, the DNA methylation patterns of ES 3 GS and mGS 3 GS cell hybrids were not identical. This was particularly evident in the lack of DNA methylation of the Peg10 DMR in mGS 3 GS cells hybrids. Because both GS and mGS cells lacked Peg10 DMR methylation before fusion, this result strongly suggests that the hybrid cells faithfully inherited the original DNA methylation patterns of both parental cell types. Clarifying whether the methylation levels of DMRs of other imprinted genes were determined by simple summation of the original DNA methylation levels of the two cell types may provide important insight into how stability of imprinted genes are regulated in GS and mGS cells.
While mGS cells could be readily hybridized with any cell type, we currently do not know why we failed to establish GS cell hybrids with somatic cells. One possibility is the level of Pou5f1 expression. Pou5f1 expression is often associated with increased stem or progenitor cell proliferation [36] , and Pou5f1 overexpression can transform 3T3 cells [37] . Indeed, Pou5f1 is consistently found in human germ cell tumors [37] . Strong Pou5f1 expression prior to nuclear cloning can also improve blastocyst development, and blastocysts with strong Pou5f1 expression had a higher probability of producing ES cells in vitro after nuclear transfer [38, 39] . Thus, the low Pou5f1 expression in GS cells was probably not sufficient to drive cell proliferation. Alternatively, GS cell hybrids with somatic cells may have undergone apoptosis because of an abnormal chromosome number. GS cells show remarkable stability in karyotype [5] . This could be achieved either by eliminating aneuploid cells through apoptosis or by having a strict regulatory mechanism for euploid cell production. These issues must be addressed in the future to obtain GS cell hybrids with somatic cells.
Cell fusion is a useful strategy to study developmental potential or differentiation. Because stem cells are thought to have special potential to remain undifferentiated, hybridization of stem cells with various cell types, including their own progenitors as well as heterologous cells, will provide valuable information regarding the molecular machinery that maintains stem cell identity. Deprivation of spermatogonia identity in mGS 3 GS cell hybrids suggests that pluripotency dominates SSC potential. Although we failed to produce GS 3 somatic cell hybrids, improvements in culture conditions may confer SSC activity to somatic cells. Thus, efforts to produce GS cell hybrids must continue and will be useful for understanding the difference between somatic and germ cells.
